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Deformation of surface-adsorbed liposomes is an important parameter that governs the kinetics of
their transformations, but one that is very difficult to measure in the case of nm-size liposomes.
We investigate the deformation of dimyristoyl phosphatidyl choline liposomes by quartz crystal mi-
crobalance (QCM) as a function of temperature and show that it follows the dependence of this lipid’s
bending modulus on temperature, as expected from theoretical considerations. To corroborate our ap-
proach, we model QCM response from adsorbed liposomes by explicitly considering their shape and
mechanical properties. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3687351]
INTRODUCTION
The behavior of small (30–100 nm) liposomes1 adsorbed
at surfaces is complex and remains poorly understood.2–5 It
is important in the context of developing new materials with
tailored surface biofunctionalities, especially those incorpo-
rating transmembrane proteins.5–7 Liposomes also serve as
models for complex biological systems and can be used to
elucidate the principles underlying bio/non-bio interactions
relevant to biocompatibility.8
Adsorbing liposomes are expected to deform, as shown
schematically in Figure 1.9 The shape of the deformed lipo-
some is governed by three contributions. On the one hand,
deformation is driven by the adhesion energy that arises from
the lipid–surface interactions and strives to maximize the area
of contact between the liposome membrane and the surface.
On the other hand, it is opposed by the cost of bending the
lipid bilayer. Finally, osmotic pressure may favor the vol-
ume changes associated with the deformation or oppose them,
depending on the direction of the osmotic gradient.9 Adhe-
sion and bending contributions can be combined into a di-
mensionless parameter called reduced interaction potential
w = WR2/κ , where W is the adhesion energy, R is the radius
of the free liposome, and κ is the bilayer bending modulus.
Shapes of liposomes for various values of the reduced po-
tential and osmotic pressure have been calculated by Seifert
et al.9–11
Experimentally, liposome deformation has been studied
extensively using giant liposomes (giant unilamellar vesicles
(GUVs)) in weak potentials.12 The results of these experi-
ments are in good agreement with the theory. On the other
hand, liposomes with sizes in the nm-range present a number
of problems. From the theoretical point of view, the separa-
tion of length scales between the range of surface–lipid in-
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teractions (in nm) and liposome size (in μm for the GUVs)
is one of the key assumptions underlying adsorbed liposome
shape calculations.9 Furthermore, nm-sized liposomes are al-
ready highly curved, with the radius of curvature that is com-
parable to the molecular size. Therefore, it is by no means
guaranteed that the picture obtained with the GUVs can be
transferred to them. Experimentally, deformation of nm-sized
liposomes is much more difficult to study because of their
small size. Only recently it was conclusively shown by cryo
transmission electron microscopy (cryoTEM) that they ac-
tually deform upon adsorption—see Ref. 7 and Figure 2.
CryoTEM allows deformed liposomes to be visualized di-
rectly. There are very few other studies discussing adsorbed
liposome deformation.13–16 Liposome deformation in those
studies is inferred indirectly via model-based analysis of
acoustic (quartz crystal microbalance (QCM))13–15 or optical
(dual polarization interferometery)16 measurements, and the
results depend on the assumptions used in the models. Here,
we present and validate a new method for measuring the de-
formation of nm-sized liposomes adsorbing on surfaces. Al-
though it is based on deducing the height of surface-adsorbed
liposomes (labeled as h in Figure 1) from QCM17–21 measure-
ments, it does not rely on a model. Previously, we showed that
this method reliably and quantitatively yields the size of the
adsorbed particles for stiff particles that do not deform upon
adsorption; in that case, h ∼ 2R (Figure 1(a)), where R is the
radius of particles in solution (e.g., measured with dynamic
light scattering).22 Here, we validate this method for studying
the deformation of the much softer particles that do deform
when they adsorb to the surface.
MATERIALS AND METHODS
Materials
Chemicals used were ≥99.0% purity and purchased
from Sigma-Aldrich (Madrid, Spain) unless otherwise in-
dicated. Chloroform stabilized with ethanol was purchased
from Scharlab (Barcelona, Spain). Lipids—1,2-dioleoyl-
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FIG. 1. Schematic illustration of adsorbed liposome deformation. (a) Unde-
formed (spherical) liposome. Its height h is equal to its diameter, 2R, h = 2R,
where R is the radius of liposome in solution. (b) Deformed (dome-shaped)
liposome. The height h of a deformed liposome above the surface will be
smaller than that of the undeformed one of the same size. The parameter we
measure in this study is h, adsorbed liposome height.
sn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)—were purchased from
Avanti Polar Lipids, Inc. (Alabama, USA), in powder form
and stored at −20 ◦C until used. Titania-coated quartz crystals
(5 MHz) were purchased from Q-Sense AB (Västra Frölunda,
Sweden). Water was purified with a Diamond UV water pu-
rification system (Branstead International, Iowa, USA). Two
buffers were used in this study: 10 mM HEPES, 150 mM
NaCl, pH 7.4, and the same buffer containing 2 mM Ca, re-
ferred to as Ca-free and Ca buffer, respectively. 300 nm silica
particles used in CryoTEM experiments were purchased from
Kisker Biotech GmbH & Co. KG (Steinfurt, Germany) and
stored at 4 ◦C. Immediately before use, the particles were di-
luted in the Ca-free buffer. Their Z-average size, measured by
DLS, was 294 ± 22 nm.
Methods
Liposome preparation and characterization
DMPC liposomes used in quartz crystal microbalance ex-
periments were prepared by extrusion through 100 nm pore
diameter filters in a hand-held LipoFast extruder (Avestin,
FIG. 2. CryoTEM images of (a) liposomes made of lipid in the gel phase
(dipalmitoyl phosphatidyl choline (DPPC)) and (b) liposomes made of a lipid
in the fluid phase (dioleoyl phosphatidyl choline (DOPC)) adsorbed on 300
nm silica particles at room temperature. Liposomes adhering to the particles
are indicated with the black arrowheads. Note the polygonal shape of DPPC
liposomes in (a) and the dome shape of the DOPC liposome in (b). The scale
bar is 100 nm.
Ottawa, Canada) as described previously.3, 22, 23 DPPC lipo-
somes used in CryoTEM experiments were prepared by extru-
sion through 50 nm diameter filters, while DOPC ones were
prepared by sonication using a Branson Ultrasonic 450 tip
sonicator (Danbury, USA) set at 30% duty cycle and at an out-
put power of 3. Sonication was done at 0 ◦C under nitrogen at-
mosphere. Freshly sonicated liposomes were centrifuged un-
der argon atmosphere for 3 h at 65 000 ×g in a Sigma 3K30
centrifuge (Sigma Centrifuges, Shropshire, UK).
Liposomes were characterized by dynamic light scat-
tering with a Zetasizer Nano series instrument (Malvern,
Worcestershire, UK). Sonicated DOPC liposomes exhibited
two peaks, with diameters 47 ± 6 and 115 ± 12 nm by
intensity.24 Extruded liposomes exhibited one peak. The Z-
average size of DPPC liposomes was ∼91 nm at 25 ◦C. The
size of DMPC liposomes was measured as a function of tem-
perature. The results are shown in Figure 4(b).
Quartz crystal microbalance experiments
Temperature-dependent QCM experiments were per-
formed with DMPC liposomes in Ca buffer as described in
Tellechea et al.22 Lipid concentration was 0.25 mg/ml.
CryoTEM
CryoTEM experiments were performed in a JEM-1230
transmission electron microscope equipped with a LaB6 cath-
ode running at 120 kV and an ORIOUS SC1000 4008 × 2672
pixels CCD camera (Gatan, UK; Abingdon Oxon, UK). Sam-
ples were prepared using Quantifoil grids (200 square mesh,
2 μm circular holes, period 3 μm) from SPI (West Chester,
USA). The grids were treated in a chloroform atmosphere
overnight and vacuum-dried for 1 h afterwards. They were
rendered negatively charged by glow discharge treatment in a
MED 020 modular high vacuum coating system (BAL-TEC
AG, Fuerstentum, Liechtenstein) for 15 s at 2.0 × 10−1 atm
and 10 mA and mounted in the VITROBOT (FEI Europe,
Eindhoven, The Netherlands). The 3.4 μl of 2 mg/ml DOPC
or DPPC liposome solution in Ca-free buffer was pipetted into
the grid, followed by 0.2 μl of 2 mg/ml silica particle solution
prepared in the same buffer. Final PC:Si ratio was 17:1. PC:Si
by weight. DOPC:Si samples were vitrified immediately af-
ter the addition of liposomes, while the DPPC:Si suspensions
were incubated at room temperature and 100% humidity for 3
min before vitrification. Vitrified grids were stored and trans-
ferred under liquid nitrogen, installed in the electron micro-
scope, and imaged in a low-dose mode at 30 000× magnifica-
tion. The images are shown in Figure 2.
RESULTS AND DISCUSSION
As a model system for studying adsorbed liposome de-
formation, we use dimyristoyl phosphatidyl choline (DMPC)
liposomes adsorbing on TiO2. DMPC has the main (gel-to-
fluid) transition at ∼24 ◦C (Ref. 25), making it convenient to
study liposome adsorption above and below this temperature.
At temperatures below the main transition temperature, the
lipid bilayer is stiff (κ is of the order of 10 × 10−19 J for
both dipalmitoyl phosphatidyl choline (DPPC)26 and DMPC
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(Ref. 27) in the Lβ ′ phase). At temperatures above the transi-
tion temperature, the bilayer is in the fluid phase, and κ is of
the order of 1 × 10−19 J.26, 28, 29 As we have seen above, bi-
layer bending opposes deformation. We therefore expect that
liposomes made of a lipid in the fluid phase (above the transi-
tion temperature) would deform to a greater extent than those
made of a lipid in the gel phase (Figure 1). Indeed, in Figure
2, we show that this expectation is correct. CryoTEM images
of liposomes made of a lipid in the gel phase (DPPC) show
liposomes that maintain their polygonal shape upon adsorp-
tion and do not significantly deform (Figure 2(a)). We have
also previously shown that the height of DPPC liposomes ad-
sorbed on the surface at room temperature (∼20 ◦C below
its transition temperature) corresponds to their diameter in
solution.22 On the other hand, liposomes made of a lipid in
its fluid phase (DOPC) show deformed, dome-shaped struc-
tures (Figure 2(b)). This shape has been observed previously7
and is qualitatively consistent with theoretical predictions.9
We follow the adsorption of ∼90 nm (diameter) DMPC
liposomes on TiO2 with QCM17–21 at different temperatures.
QCM works by monitoring the resonance frequency, fn, and
the bandwidth, n, of a quartz oscillator as material adsorbs to
its surface. Bandwidth , used throughout this work, is equiv-
alent to the dissipation D used by the QCM-D community:19
D = 2n/fn, where fn is the resonance frequency of the crystal
and n is the overtone order. Measurements are done on sev-
eral overtones; n is the overtone order and fn ∼ nfF, where fF
is the fundamental frequency of the crystal. Our crystals have
the fundamental frequency fF ∼ 5 MHz, and we perform the
measurements on overtones n = 3, 5, 7, 9, and 11 (between
∼15 and 55 MHz). The results are plotted as differences rela-
tive to the frequency and bandwidth of the bare crystal, scaled
by the overtone order: F/n = (fn − fn,bare)/n and /n = (n
− n,bare)/n, where fn,bare and n,bare are the resonance fre-
quency and bandwidth of the bare crystal in liquid measured
before adding the liposomes.
Typical results of such measurements are shown in
Figures 3(a) and 3(c) for experiments performed at 10 ◦C
(below the transition) and 32 ◦C (above the transition), re-
spectively. In both cases, adsorption of liposomes causes a
decrease in the frequency and an increase in the bandwidth,
until both parameters saturate at their asymptotic values. This
saturation behavior has been observed in numerous previ-
ous studies of liposome adsorption on surfaces.4, 13, 15, 30 The
asymptotic shifts are larger at 10 ◦C than at 32 ◦C. This is
consistent with our previous findings, showing that the gel-
phase (stiffer) liposomes elicit larger asymptotic shifts than
the fluid-phase ones of similar size.15 Figure S1 in the sup-
plementary material shows the dependence of the asymptotic
shifts on temperature.31
It is important to realize that QCM does not deal with in-
dividual liposomes in the way TEM (Figure 2) does. Instead,
it deals with films composed of many liposomes adsorbed
on the surface side by side (Figures 3(b) and 3(d), insets).
The thickness of such a film could be directly determined
from the frequency shifts using the Sauerbrey relationship17
(h = −F/n×C/ρ, where C = 18 ng/cm2/Hz and ρ = 1 g/cm3
is the density of the film) if the bandwidth shifts n were
close to zero and the frequency shifts were the same on all
FIG. 3. Adsorption of DMPC liposomes on TiO2 as a function of temper-
ature studied by QCM. The raw data (changes in the frequency F/n, and
bandwidth (dissipation), G/n as a function of time), and the corresponding
−G/F vs. F/n plots used to extract the equivalent film thicknesses, are
shown in (a), (b) and (c), (d) for the experiments done at 10◦C and 32◦C,
respectively. Overtones n = 3 (black solid squares), 5 (blue open triangles),
7 (red solid squares), 9 (green open circles), and 11 (purple solid circles) are
shown. In (a) and (c), the frequency shifts are negative, while the bandwidth
shifts are positive. Blue arrowheads in (b) and (d) point to the common inter-
cept with the X axis of the extrapolated plots used to extract equivalent film
thickness h. Insets schematically show a film of undeformed liposomes (b)
and a film of deformed liposomes (d). Note the maximum in the bandwidth
vs. time plot in panel (a).
overtones (Fn/n ∼ const). In the case of liposomes adsorbed
on the surface (Figure 3), as in many other cases,20 these two
conditions are not satisfied and the QCM signals contain con-
tributions from the thickness of the adsorbed film, which de-
pends on the height of the adsorbed liposomes as well as on
the surface coverage (number of liposomes adsorbed per unit
area), from the strength of the liposome–surface interactions,
and also possibly from the lipid bilayer stiffness.20, 22, 32–34 To
extract the height of adsorbed liposomes, we plot the ratio of
the two measured parameters, −/F, as a function of the
frequency shift −F/n.22 These plots are shown in Figures
3(b) and 3(d) for the measurements done at 10 and 32 ◦C, re-
spectively. Measurements done on several overtones extrap-
olate to a common intercept with the X axis (blue arrow-
heads in Figures 3(b) and 3(d)), where the  is zero, yield-
ing a unique value of −Fn/n that can be plugged into the
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FIG. 4. (a) The plot of the equivalent layer thickness h (red filled squares,
left axis) for the DMPC liposomes adsorbed on TiO2, and the bilayer
bending modulus κ for DPPC (Ref. 26) and for DMPC (Ref. 35) (blue
crosses, blue open squares, right axis) are plotted as a function of reduced
temperature, T − Tm, where Tm is the main transition temperature of the
appropriate lipid (∼24 ◦C for DMPC (Ref. 25) and ∼42 ◦C for DPPC (Ref.
25)). Three different phases of the lipids are indicated along the reduced
temperature axis: the high-temperature fluid phase (Lα), and the two gel
phases, Pβ ′ and Lβ ′ that occur below the main transition.25 (b) Z-average
size of DMPC liposomes in solution as a function of temperature measured
with dynamic light scattering. Open symbols: increasing temperature. Filled
symbols: decreasing temperature.
Sauerbrey relationship to give an equivalent film thickness
h. In the following, we demonstrate that this equivalent film
thickness can be identified with the height of the adsorbed li-
posomes as defined in Figure 1.
First, it is evident from Figures 3(b) and 3(d) that this
equivalent thickness is smaller in the case of liposomes ad-
sorbing above the transition temperature (32 ◦C) than in the
case of liposomes adsorbing below the transition temperature
(10◦C), indicating that liposomes adsorbing at a higher tem-
perature (in fluid phase) are deformed to a greater extent. This
is consistent with what we expect based on the CryoTEM re-
sults (Figure 2).
Second, in Figure 4(a), the equivalent film thickness h
is plotted as a function of temperature together with the bi-
layer bending modulus for DPPC measured by Lee et al.26
and for DMPC measured by Yi et al.35 There is a clear cor-
respondence between the behavior of the equivalent thick-
ness and the bending modulus as a function of temperature:
below the main transition temperature, when the lipid is in
the Pβ ′ phase, the bending modulus increases with decreas-
ing temperature.26, 29, 35, 36 There is a corresponding increase
in the equivalent thickness extracted from the QCM data.
Identifying the equivalent thickness with the height of the ad-
sorbed liposomes, we explain the observed correspondence in
terms of the effect of the bending modulus on the adsorbed
liposome deformation: higher bending modulus (stiffer lipo-
somes) leads to smaller deformation and larger equivalent
thickness.
The bending moduli shown in Figure 4(a) deserve a com-
ment. The temperature dependence of the bending modulus
in the Pβ ′ phase has been reported by several investigators
for DPPC and for DMPC.26, 29, 35, 36 The DPPC data illustrate
this trend best; therefore, we compare our results with these
data. The absolute values of the bending moduli in the gel
phase vary, however: the values reported by Dimova et al.36
for DMPC reach ∼25–35 × 10−19 J at ∼19 ◦C, which is sig-
nificantly higher than those reported by other authors.27, 35 For
instance, Tristam-Nagle et al.27 give κ ∼ 10 × 10−19 J for the
gel phase of DMPC, which is similar to the value obtained for
DPPC in the same phase, as shown in Figure 4(a).26
Third, we show in Figure 4(b) that the size of DMPC
liposomes in solution (not adsorbed to a surface) increases
with temperature. The equivalent thickness h, on the other
hand, decreases with temperature (Figure 4(a)). Therefore,
the equivalent thickness determined from the QCM mea-
surements reflects the height of the surface-adsorbed lipo-
somes above the surface, and not the size of the liposomes in
solution.
Finally, to corroborate our way of assessing adsorbed
liposome heights from −/F vs. −F/n plots, we
performed finite element method (FEM) calculations that we
have previously described and validated.22, 32, 34 FEM allows
the frequency and bandwidth shifts due the stress exerted at
the crystal surface by the adsorbed particles that are moved
through the surrounding liquid by QCM crystal’s oscillatory
motion to be calculated via the small load approximation.21
Stress is calculated from the velocity fields obtained nu-
merically using COMSOL’s Incompressible Navier-Stokes
Module. Adsorbed liposomes were modeled as truncated
ellipsoidal shells of thickness t = 5 nm, corresponding to
the thickness of a lipid bilayer, complex shear modulus G
= |G| · (cosδ + i · sinδ), where δ is the loss angle such that
|G| = 12κ/t3; δ and κ were varied, and shapes that are shown
in Figure 5(a) taken from Ref. 10. Further details are given
in the supplementary material.31 The resulting −/F vs.
−F/n plots are shown in Figure 5(b) for κ = 85×10−19 J
and δ = 45◦. The observed decrease in the −/F with
coverage and smaller values of the ratio for liposomes that are
more deformed are qualitatively reproduced. The extrapola-
tion of the plots to − = 0 yields F/n = −166 Hz, −232
Hz, and −300 Hz leading to the equivalent thickness h = 28,
42, and 49 nm for adsorbed liposome heights of 30, 43, and
54 nm, respectively. This is a very convincing correlation.
It is interesting to note that the FEM calculations best
reproduce experimental results for rather high values of κ
(85×10−19 J, Figure 5(b)), indicating that at MHz frequen-
cies, the lipid membrane appears significantly stiffer than at
zero frequency. Indeed, the bending stiffness should display
viscoelastic dispersion like any other mechanical property in
soft matter experiments, and it is not reasonable to expect
the values determined from low-frequency experiments on
giant liposomes26, 28, 29, 36 to be applicable at the time scales
probed by the MHz frequencies of QCM. κ is expected to be
much higher at MHz frequencies than at low frequencies, and
this can be corroborated by comparing the outcome of FEM
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FIG. 5. (a) Shapes of the adsorbed liposomes for three different values of
the reduced potential w = 0.5, 2.0, and 5.0, in the absence of an osmotic
gradient, were taken from Ref. 10. The magnitudes of the reduced potential
are indicated in each of the panels. Color represents local dissipation rate
per unit volume. Brighter areas correspond to higher rates. (b) /F vs.
−F/n plots calculated for R = 25 nm, κ = 85×10−19 J, and δ = 45◦ for
the three shapes shown in (a). Full lines: w = 0.5. Dashed lines: w = 2.0.
Dotted lines: w = 5.0. Extrapolation, as shown in Fig. 3, is also schematically
indicated.
calculations with our experiments. Experimentally, there is
often a maximum in bandwidth at intermediate coverages,
such as the one appearing in Figure 3(a), or the one that ap-
pears in our earlier publication, where it was observed with
fluid-phase (DOPC) liposomes.15 We have discussed the rea-
sons behind the occurrence of such maxima at length in Ref.
32. They arise from the “rocking and rolling” motion of the
adsorbed particles at the surface. This motion induces a large
amount of dissipation in the nearby liquid. Dissipation in-
creases with the number of particles, but as the coverage
increases, the hydrodynamic interaction between neighbors
increasingly prevents this type of motion, thereby reducing
the dissipation in the film. Importantly, this mechanism re-
quires the adsorbate to be sufficiently stiff—otherwise, it is
deformed, rather than rotated. The fact that the experiment
shows this maximum (cf. Figure 3(a)) indicates that lipo-
somes appear stiff at MHz frequencies. We can only repro-
duce this maximum if we chose the correspondingly high
bending stiffness (about 10–50 times the static bending modu-
lus). The deformation, which occurs on a significantly longer
time scales than QCM oscillations, is, of course, governed by
the static bending modulus.
In conclusion, we deduced the height of nm-sized lipo-
somes adsorbed on TiO2 surface from QCM data. As expected
from theoretical considerations, it correlates with the bilayer
bending modulus, with softer liposomes showing smaller
heights (deforming to a greater extent). To corroborate our
measurements, we modeled QCM response from adsorbed li-
posomes by explicitly considering their shape and mechani-
cal properties. Our method of measuring adsorbed liposome
deformation opens new possibilities for studying liposome–
surface interactions. Effects of parameters, such as liposome
composition, surface properties, and osmotic pressure, can
now be systematically examined and compared with theoreti-
cal predictions.
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